A study was made of the sandy and loamy soils of the woodland areas of the Wielkopolski National Park (Poland) affected by acid rain. The basic properties of the soils were determined, revealing their strong acidification, poor buffering power, and the possibility of aluminium release. An analysis was made of the content of soluble, exchangeable, organic, amorphous, and free forms of aluminium. The concentration of exchangeable aluminium exceeded that of the form dissolved in soil water several times to tens of times. In soil solutions Ca/Al ratios in some horizons show very low values that could induce a nutrient deficit. In the sandy profiles the ratio even drops below the critical level of 0.1. In the surface horizon the dominant cation at all the sites is the aluminium ion. An analysis of anions shows a dominance of sulphate and chloride ions. In autumn nitrites were recorded at all depth levels, while in spring only in the surface layers. The highest fluoride concentrations were found to occur in profiles situated the closest to the emission source of fluorine compounds. The markedly higher concentrations of ammonium than nitrate ions can lead to increased acidification and eutrophication of the soil.
Introduction
Over the last two decades there has been considerable concern that acidic deposition may have decreased the productivity of forest soils. The latest Polish data show the levels of SO 2 , nitrogen oxides and particulates to have fallen sharply: in the case of SO 2 , total emission dropped from 3210 Gg in 1990 to 1375 Gg in 2003, while for NO x from 1280 Gg to 808 Gg [1] . However, a reduction in air pollution may not produce the visible effects that one might be inclined to expect. For instance, the monitoring of forest health in Poland indicates little improvement: in recent years the defoliation factor decreased from 3.0 in 1990 to 2.84 in 2003 and in 2004. In terms of the overall percentage of forests with no defoliation problem (8.4 % in 2004) , Poland comes near the bottom of the list of European countries [2] . Local studies of defoliation carried out in the Wielkopolski National Park (WNP), where the soil solution research has been conducted, showed the health status of the forest to be even worse (3.40 in 1995) [3] . This situation indicates an ever-present threat to forest health brought about, among other things, by the persistence of acid rain and its many detrimental effects on geoecosystems [4, 5] . The low pH of precipitation recorded in the WNP area, persisting for many years of study, is probably due to local pollution caused by a nearby chemical factory and to transboundary pollution [6, 7] . The quantity of acid-forming ions deposited with precipitation (58 meq/m 2 /year) is higher than the deposition recorded at the lowland stations monitoring background pollution, both in Poland and in the neighbouring countries [8] . SO 2− 4 is the major anion which forms a considerable proportion of the total ions in precipitation. The SSO 4 /NNO 3 ratio has been systematically declining recently, which indicates a growing role of NNO [9] .
A substantial part of the Wielkopolski National Park is covered with poor soils developed from loose or weakly loamy sand with a low water-holding capacity and poor sorption properties. An examination of the soil reaction carried out for 180 samples showed them to be considerably acidified -in some samples the pH was even lower than 3.0 [10] . Model studies using soil monoliths taken from the area indicated a substantial leaching of basic ions [11] , but also the release and leaching of considerable amounts of aluminium [12, 13] .
It is well known that atmospheric deposition of strong acids produces many detrimental changes in the soil, such as: an increase in basic cation leaching, a decrease in the soil pH and base saturation, a change in mineral weathering rates, and a modification of soil biology. A soil is endowed with several possibilities of counteracting acidification in the form of buffering [14, 15] . In a soil with a pH range of 3.0-4.2 that we deal with in WNP, low amounts of exchangeable cations combined with a high deposition of acidifying compounds lead to Al release in order to prevent a decrease in the pH of soil water [16] [17] [18] [19] . Increased dissolved Al concentrations and fluxes in acidic soils not only indicate a change in pedogenic processes [20] but could also have an adverse effect on organisms living in the soil and surface waters [20] [21] [22] [23] [24] [25] .
Soil solution chemistry provides an insight into the element cycle, nutrient uptake and availability, mineral transformation, and pollution transport processes within the subsurface environment [26] [27] [28] [29] [30] . Therefore, detailed information on the composition of and changes in soils affected by acid deposition is highly relevant to an assessment of risk of acidification-related forest damage. The composition of the soil solution as an index of potential Al toxicity has been used in the development of models for simulating the effects of acidic deposition on the soil and water system [31] [32] [33] . However, the quantification and identification of respective Al species is still a difficult task.
The aim of the study was to determine the composition of extracts from forest soils that are characteristic of the area under analysis and most susceptible to acidification. Another goal was to identify relations which hold between those components and the physico-chemical properties of the soils, and the effect of the local pollution sources.
Experimental

Site description
The soils under study come from the woodland area of the Wielkopolski National Park (west-central Poland). This location would seem to ensure some isolation from the pollution of the nearby (25 km) large metropolitan area of Poznań (ca. 600 000 inhabitants). Additionally, between the city and the Park, at a distance of about 12 km, there is the large Luboń Chemical Works which has for years been manufacturing phosphate fertilisers, hydrofluoric acid, and sulphuric acid. The production, carried out on a cyclical basis, undoubtedly remains a source of air pollution. To characterise the previous environmental impact of the works, let us quote its emission figures concerning fluorine compounds: 1988 -19.5 Mg/year, 1990 -6.2 Mg/year, while in the following years emission levels were maintained at about 1.5 Mg/year (M. Górecka, personal communication).
The area's rainfall amounts to some 550 mm annually, its snow cover persists for 50 days, and its mean temperature is 7.9
• C. The growing season lasts ca. 220 days. A detailed description of changes in the rainfall pattern and in its chemical composition can be found in several publications [6-8, 34, 35] .
Field study
The soils have developed on loamy and sandy glacial material originating from the Last (Würm) Glaciations. Predominant among them are brown and podzolic soils (in FAO terms, Cambisols and Spodosols). Four sites were selected for the research differing in their tree species, soil characteristics, and distance from the pollution source ( Figure 1 ).
Profile 1 (Grabina) is loamy brown soil and the dominant plants are hornbeam and beech. This profile is situated deep inside the woodland complex, farthest away from the factory (10 km).
Profile 2 (Jeziory) embraces sandy podzolic soils and pine with an admixture of maple and beeches comprise the principal tree species. The profile lies inside the woodland complex, fairly close (200 m) to a busy internal Park road. Its distance from the factory is 8.5 km. Profile 3 (Puszczykowo): sandy podzolic soils covered with a mixed stand of trees situated at a distance of 8.5 km from the factory near a forest margin (3 m), close to a single-family housing estate.
Profile 4 (Wiry): sandy soils classified as Arenosols, with pine as the principal species, 3.5 km from the factory, near a forest margin (4 m) on the factory side.
The study of the properties of the soils and soil solutions was carried out in the soil layer where the main mass of plant roots can be found. In Polish climatic conditions, the mature roots of pine stands can mostly be found in a soil layer 40 cm thick.
The age of the tree stands was similar for all the four sites: about 60-80 years. After digging an exposure 1.0 m deep, samples were collected from individual genetic horizons and placed in plastic bags. Three independent samples were taken from each of the horizons and analysed separately, with the average used in further research. Only the mineral horizons were sampled, i.e., below the A-horizon of humus accumulation. Overlying it, as in any forest soil, was a discontinuous organic (O) top horizon of humus of negligible thickness (about 1 cm). This was removed prior to sampling the mineral horizons. To accommodate seasonal differences in the element cycle in a woodland ecosystem, the soils were sampled in autumn ( Soil samples were dried to obtain an air-dried state, then crushed in a mortar and run through a 2-mm mesh sieve in order to separate framework particles (stones, gravel) from the fine fraction (sand, silt, clay). The following physico-chemical determinations were carried out on the <2 mm fraction: Granulometric analysis, using the aerometric method after Casagrande modified by Prószyński (supplemented with the sieve method to determine the grain size distribution of the sand fraction). The particle-size classification conformed to the PN-R-04033 Polish Standard [36] .
Reaction, using a pH meter -in H 2 O and 1 mol KCl at 1:2.5 by weight. The method consisted in measuring the pH of the suspension after 30 min. in the aqueous suspension, and after 60 min. in that with the electrolyte.
Organic matter, as organic C, using Tiurin's method and a mixture of 0.067 mol K 2 Cr 2 O 7 and concentrated H 2 SO 4 in the presence of Ag 2 SO 4 as catalyst. As an agent reducing the excess oxidant, use was made of a 0.1 mol solution of Mohr's salt (FeSO 4 /(NH 4 ) 2 SO 4 · 6H 2 O). Additionally, an analysis was made of the elemental components CNS using a VarioMAX analyser.
Sorption properties: hydrolytic acidity as well as the composition of the sorption complex and total sorption capacity, using Kappen's method (20.0 g : 100 ml 0.1 mol HCl) [37] .
In addition, the forms of aluminium present in the soil were determined through extraction. This procedure consists in performing several single extractions of separate soil samples to determine the mobility and availability of the various forms. Detailed descriptions of methods of obtaining a few basic aluminium forms can be found in manuals [38, 39] ), as well as in articles [40] [41] [42] . By performing some simple calculations, these forms could be assessed in quantitative terms. The extractants employed included: potassium chloride (for the exchangeable form) [24] , a CuCl 2 solution (weakly organically bound Al) [43] [44] [45] , sodium pyrophosphate (total organically bound Al) [46, 47] , NH 4 -oxalate (amorphous inorganic Al), and a dithionite-citrate buffer (DCB) ('free' Al compounds) [41, 48] .
Soil water analysis
In order to obtain soil extracts giving an approximate picture of the chemical composition of soil water, 60 g of an air-dried sample were mixed with 60 ml of de-ionised water. This proportion (1:1) facilitates the conversion of the results obtained from mmol/L into mmol/kg of soil. The mixture was shaken in a rotary shaker for an hour, then centrifuged for 30 min. at 4500 rotations. The solution thus obtained was put through a 0.45-μm filter and stored at 4
• C for analysis. , and F − ) was determined via ion chromatography using a DIONEX 120 ion chro-matograph. The eluents employed were a mixture of Na 2 CO 3 /NaHCO 3 (analysis of anions) and methane sulphonic acid (analysis of cations). The basic standard solutions for the ions to be determined were Merck solutions at a concentration of 1000 mg/L. A detailed description of the analytical methods, their calibration and validation can be found elsewhere [7] . The unit employed in Tables 3 and 4 to calculate the totals of cations and anions is mmol c /L (formerly meq/L).
The method employed for aluminium determination in all the extracts and soil water was atomic absorption spectrometry with atomisation in a flame of acetylene/nitrous oxide. The spectrometer used was a Varian Spectra 220 FS. To test the analytical methods employed, use was made of reference material RTH 907 (WEPAL).
Results and discussion
Soil
The results of the basic soil analyses are presented in Table 1 . In the paper some common used in soil science abbreviation occured: A-accumulation horizon, Eet -elluvial horizon, B -illuvial horizon (Bv -illuvial horizon enriched in iron compounds, Bt -illuvial horizon enriched in clay), C -parent material.
In terms of grain size and vegetation cover, the four sites reported here can be divided into two groups: Profile 1 sampled a site covered with broadleaved forest on a soil that has formed from loam with a substantial proportion of the clay fraction, and Profiles 2, 3 and 4 sampled an area occupied by pine forest growing on sands with a very low content of grains < 0.002 mm (1-17 %) and a high proportion of coarse sand (60-97 %). Given the low content of basic cations, the base saturation ranged from a few per cent in the sandy profiles to tens of per cent in the loamy one. Presumably, in Profile 1 acidification processes associated with the supply of protons are going to rely mainly on the still-available basic ions of the sorption complex because its brown earths, that have formed on heavy loams, contain 27 % of particles < 0.002 mm in their 80 %-fine fraction. Another important process connected with acid deposition in Profile 1 will also be the weathering of primary minerals accompanied by the release of sesquioxides and the formation of stable complexes of humus and mineral matter [49] [50] [51] .
In turn, in the sandy Profiles 2, 3 and 4 the soils are strongly and very strongly acidic without free carbonates, and of little basic cation exchange capability. In these cases a substantial deposition of H + with precipitation will initiate buffering processes consisting of the dissolution of aluminium contained in a variety of forms in the solid phase [45, 52] .
The four sampling sites characterised above also differ in the possibility of migration of the infiltrating rainwater together with small colloids. Profile 1 displays deposits of medium permeability in the top part, but lower down water migration is very difficult owing to the presence of highly compact heavy loam. This shows its soil to have had prolonged contact with acid rain, as opposed to the readily permeable soils of Profiles 2 and 3 and the highly permeable soils (loose sand) of Profile 4. The differences shown to occur in the size and composition of the sorption complex of the soils under study (Table 1 , TEC, BS) are sure to affect the reaction of aluminium exchange-release-sorption. Exchangeable aluminium is found both in organic and inorganic compounds, absorbed by oxide and hydroxide as well as in amorphous and crystalline phases, undergoing strong sorption by clay minerals, both on their surface and in their interlayer spaces. Owing to the fast rate of the reaction, exchangeable aluminium seems to be the principal form of this element and the one that is released into the soil solution the fastest [53] . That is why its movement and the reactions of sorption and desorption accompanying its migration were observed and its content in the profiles was analysed and compared with changes in its concentration in the soil extract ( Table 2) .
In Profile 1 the concentration of aluminium dissolved in water is the highest in the Eet horizon, at 0.411 mmol/kg, and decreases with depth. Despite substantial amounts of clay minerals, the amount of exchangeable aluminium released from the heavy-loam horizon is small. In the lower part of the profile it is even slightly smaller than the aluminium concentration in the water extract. When comparing the rates of the two forms, one can note that the proportion of the dissolved one in the total amount of both increases with depth ( Figure 2) .
The mean concentration of exchangeable aluminium in Profile 2 is slightly higher than in the remaining profiles, while that of the water-soluble form is lower. The maximum concentration of aluminium dissolved in water occurs in the Bv horizon, and that of exchangeable aluminium occurs in the surface horizon. The aluminium dissolved in water constitutes a small percentage (2-4 %) of the exchangeable form and with depth the dominance of that form over the water-soluble one increases 50 times. With depth there is also a slow increase in the soil pH, even though this still remains at a very low level (<4.0).
In Profile 3 the concentrations of both dissolved and exchangeable aluminium and their depth patterns are similar to those in Profile 2. The maximum content of the dissolved form occurs in horizon Bv, and of the exchangeable one, in the surface horizon. One can also observe a considerable dominance of the exchangeable form over the dissolved one (37 times) in the lower part of the soil: in this horizon the dissolved one constitutes a mere 2.6% of the total amount of both ( Figure 2) .
The soils in the lower part of Profile 4 are loose sands, hence their grain-size and mineralogical compositions differ slightly from the loamy sands of P2 and P3. In the upper part of the profile one can observe the highest concentrations of both forms. In horizons B and C the concentration of exchangeable aluminium drops steeply. This causes a change in the ratio of the exchangeable to the dissolved form from 21 to 3 and an increase in the proportion of the dissolved form in the total of both from 4.6 % in the A-horizon to 23 % in the C-horizon.
In sum, in acid sandy soils the exchangeable form of aluminium occurs in much higher concentrations than does the water-soluble one. In the surface horizons (A) the former's concentration exceeds that of the latter more than 40 times. A radical drop in the concentration of Al ex to figures close to, or even lower than, that of AlH 2 O was observed in heavy loam. The highest Al ex values were observed in the surface horizons, 5 mmol/kg on average, to drop dramatically with depth (P1 and P4), which indicates a substantial proportion of organic exchangeable forms. This is corroborated by a fairly good correlation between the contents of exchangeable aluminium and humus (correlation coefficient r=0.64, p<0.05). The concentration of KCl-extractable Al and the content of organic matter are reported to be significantly correlated also by others [45, 51] . The high concentrations of exchangeable aluminium are associated with very low pH values of the soil observed in the upper horizons. A search for a correlation between the amounts of exchangeable and water-soluble aluminium on the one hand and the pH on the other showed there to be a good relation between those features only in the case of exchangeable aluminium (r= -0.71, p<0.05). The soluble form of aluminium displayed no good correlation with the pH. The considerable concentration of exchangeable aluminium obtained for the surface horizons as well as for P2, P3 and P4 exceeds the critical value (90 mg/kg) as associated with visible damage to plants [54] .
Aluminium bound to organic matter
Aluminium shows a tendency to form a great variety of bonds with organic matter. That is why the amount of organic matter plays an important role in the pattern of chemical reactions accompanying acid deposition. In the soils under study, a fairly high content of organic matter was found to occur in the top horizons and this diminishes with depth ( Table 1 ). The lowest humus content was recorded in Profile 4, both in the surface and in the deepest horizons. The three remaining sites show similar figures for both the surface and lower horizons. In order to gain a better insight into the ways of binding of organic matter and aluminium, a series of extractions were performed, the results of which are presented in Table 2 . The figures are not aluminium concentrations after extraction, but concentrations of its particular forms that were obtained by subtracting the amount of a form extracted with the help of CuCl 2 from that yielded by extraction with KCl. In the case of strongly organically bound aluminium, this is the difference between the amounts extracted with pyrophosphate and CuCl 2 .
The form that is weakly bound to organic matter, for obvious reasons, shows a good correlation with the previously determined content of humus in the soil (r=0.67, p<0.05). However, while humus percentages in the topsoil are similar, the amount of aluminium weakly bound to organic matter tends to vary there. For instance, for a humus content of 3.71 % (P3), the amount of aluminium weakly bound to organic matter was 4.16 mmol/kg, while for a slightly higher humus content, 4.14 % (P1) it almost doubled -7.40 mmol/kg. This suggests that other forms of aluminium may also be released during the extraction process. Perhaps the differences follow from the fact that different stands of trees are involved, and hence different compositions of organic matter. The case is different when in P1, in horizons Bt and C with the same content of organic matter (0.5 %), one can observe a doubling in the concentration of the weakly bound form of aluminium in the lower horizon. It turns out that the grain-size distribution in the C-horizon shows a 20 % higher content of particles with a diameter <0.02 mm. They may be the source of the mineral-organic complexes of aluminium extracted with CuCl 2 [47, 55] . One can observe that the values and variability of the mean content of the weakly bound form in the profiles under study, amounting to a few mmol/kg, are very similar to those of exchangeable aluminium, with the exception of the loamy soil profile (P1) in whose lower part (Bt and C) the figures are much higher than the negligible amount of exchangeable aluminium. The concentrations of aluminium weakly bound to organic matter also exceed the critical value mentioned, of 90 mg/kg, in the upper part of the profiles.
Thus, it was demonstrated that, unfortunately, the reagents used in the extraction are not selective. Studies of the extractability of CuCl 2 and KCl in Al-saturated clay [43, 44] show CuCl 2 to be evidently more effective than KCl in displacing the interlayered OH-Al. The results of the present research partly corroborate this suggestion (P1).
Although aluminium is closely associated with the organic matter of the soil, the complex-forming reactions between Al +3 ions and humic substances are still not well known because of their great variety and because of the complicated structure of organic matter [55] . There are many studies, though, concerning the stability of complexes with a low molecular weight [56, 57] . However, they usually form a small part of total organic carbon dissolved in soil solutions.
The determination of aluminium forms strongly bound to organic matter through extraction with sodium pyrophosphate (Al pyr -AlCuCl 2 ) yielded figures greatly exceeding those for weakly bound forms ( Table 2 ). The highest values of this form were expected in Profile 1 owing to the probable extraction with this reagent also of some amounts of aluminium from interlayer spaces of clay minerals [41, 45, 58] . True enough, substantial accumulations of this form were found to occur in horizons Eet (49 mmol/kg) and C (60 mmol/kg). Hence, the pattern of variation of aluminium in this fraction reflects to some extent the lithological variation of the profile. However, one can hardly find an explanation for the small amount of this form of aluminium in the surface horizon. Equally puzzling is its substantial content in profile 3, where the maximum figure was obtained for the topsoil layer. In profile 2, the doubling of the content of Al strongly bound to organic matter between horizons Bv and C can be partly accounted for by a 4 % increase in the proportion of particles <0.02 mm. The mean content of the form strongly bound to organic matter in the loamy profile (P1) is the highest and exceeds that in profiles 3 and profile 4 four times.
Other studies [42, 46] point out that pyrophosphate also extracts an inorganic Al fraction of amorphous Al(OH) 3 precipitated on the surface, co-precipitated Al(OH) 3 and humic substances, absorbed polynuclear Al compounds, and hydroxy-interlayered Al. As follows from preliminary mineralogical examinations [59] , the release of substantial amounts of aluminium in the Al pyr fraction may be due to aluminium from interlayer spaces of smectite; in vermiculite Al seems to be bound too strongly. Some works [60, 61] recommend the use of CuCl 2 rather than pyrophosphate, because the latter also dissolves hydroxy-interlayered Al and amorphous Al hydroxides in addition to organically bound Al.
Amorphous and free forms of aluminium
Amorphous and free forms of aluminium play a smaller role owing to a much slower pace of its release from those forms under the influence of acidification. Extraction showed great similarities in the content of the amorphous form in all the profiles (Table 2) , while the figures for the 'free' form varied: the highest values were recorded in the loamy profile (P1) with a maximum in its Bt horizon, while for the sandy sites the figures were half that amount and decreased with depth.
Organically bound aluminium is one of the most important forms of this element occurring in the soil solution, both in horizons A and B. It should be kept in mind, however, that the pH greatly affects the concentration of its humic complexes. This decreases steeply when the pH falls below 4.5. Kotowski [55] states that it is not altogether clear which form (organic, exchangeable or amorphous) is responsible for aluminium concentrations in soil solutions. There is no doubt, however, that the mobilisation and movement of aluminium in the soil, especially its migration to surface waters, requires counter-ions in the form of anions of strong mineral acids. The addition of ligands that can form soluble aluminium complexes (
) causes a general increase in the concentration of the soluble forms of aluminium. The weathering of secondary and primary minerals is a slow process, and therefore the amorphous rather than the crystalline phase should be considered [62] .
pH
Measurements of the properties of the soils under study were performed for samples taken in autumn, while the soils to be examined for the composition of water extracts were also sampled in spring; the pH which was also measured then was compared with the autumn figures. Figure 3 presents the results of those analyses with pH determined in KCl.
When comparing pH values of the soil profiles P1, P2 and P3, one can see that the spring figures are usually higher than those obtained in autumn. The seasonal differences are found in the Et horizon for P1 and Bv for P2 and P3, and they amount to 0.3-0.4 units. It is only in the case of P4 that the autumn pH figures are higher than those in spring for the entire profile. The greatest difference occurs in the top horizon and is equal to as many as 0.6 units. What may account for this difference between the sites is the location of P4, which is the one most affected by the nearby emission source and the seasonality of the pollution it discharges. The fact that the difference is the greatest in the upper horizon indicates that this state of affairs is connected with external occurrences.
Soil water
There is no doubt that the results of analysis of the chemical composition of soil solutions are affected by the way they are obtained. In the literature one can read descriptions of many methods, including in situ sampling with the use of pan or suction lysimeters [63, 64] , but also suitable procedures of displacement or extraction in the laboratory (ethyl alcohol, acetone, KSCN, SrCl 2 ) [65] . Attempts by the present author to employ suction lysimeters turned out to be unsuccessful because of the low soil moisture due to low rainfall. That is why the method chosen was the analysis of water extracts at a 1:1 soil/water ratio. Henceforth the term 'soil extract' will be replaced by 'soil water', which presents the actual composition with some approximation.
Cations
The results of the analyses of cations are shown in Table 3 .
Because of the different soil types, the composition of cations in Profile 1 and in Profiles 2, 3 and 4 are discussed separately. In Profile 1, the substantial proportion of the fine fraction (<0.02 mm) in its upper part and a radical change in lithology below the depth of 62 cm are clearly reflected in the composition of its soil solutions: the primary source of cations in them is the sorption complex of clay minerals. In the upper part (0-62 cm) one can observe a decline in the concentration of all basic ions with depth while the concentration of aluminium rises; this corresponds to an increase of aluminium in the sum of cations (basic cations + aluminium) from 28 % in the surface horizon to 80 % in Bt. The increase in aluminium concentrations is due to the declining pH KCl (from 4.35 to 3.55). Below 62 cm, the change in the granulometric and mineralogical composition causes an even more striking change in the composition of the soil solution. There is a steep rise in the concentration of calcium (12 times), which boosts its proportion from 3.9 % to 45 %, and of magnesium (6 times). The concentration of aluminium, in turn, drops to one-third, and its proportion from 80 % to 23 %. A clear cause of this change is the sharp increase in the pH (to 4.53) resulting from the lithological change in the profile. Soil samples taken from the profile in spring show a very similar pattern of change in the concentrations of the soil solution to those of the autumn samples described above. However, the concentration of aluminium, while growing with depth, is much higher in spring than in autumn despite the higher spring pH of the soil, and greatly exceeds the sum of basic ions. As in autumn, in spring the proportion of aluminium ions in the Eet horizon was more than 80 %, while in the deeper layer of heavy loam (the C-horizon) it dropped to 36 %. Concentrations of sodium ions, both in autumn and spring solutions, remained at the same level and only increased slightly in the lowest horizon, which may be due to the weathering of clay minerals.
Concentrations of calcium ions were the highest in profile P1 (0.379 mmol c /L on average), eight times those found in profile P4. There were similarly wide differences in the mean concentrations of magnesium ions: 0.175 mmol c /L in P1 as against 0.020 mmol c /L in P4.
The Ca/Al molar ratio (or the basic cations/Al ratio) is often used as an acidification indicator in forest ecosystem analysis [53, [66] [67] [68] [69] [70] . According to those authors, certain threshold values can be identified where the likelihood of damage is 50 % or more. For soil water this threshold limit is at a Ca/Al molar ratio of 1.0. Below a Ca/Al ratio of 1.0, the damage probability rises to above 50 %. At a Ca/Al molar ratio of 0.1 there is a 95 % probability of damage to roots and shoots leading to nutrient imbalance in the biomass. The patterns of variability of this parameter in spring and in autumn are presented in Figure 4 . It shows that the situation is more detrimental to plant growth in spring, when coefficients for the entire profile are below 1.0. In autumn this holds only for horizons Eet and Bt. It is also at those two depths that an exceptionally low Ca/Al figure, below 0.1, was recorded. One can state therefore that at this site the concentration of aluminium in soil solutions drops to dangerous levels below the humic A-horizon.
An examination of the composition of cations in soil solutions in the soils built of light loamy sands that do not display significant lithological variations in their profiles indicates that the amount and composition of soluble salts depends largely on the season. The sum of cations decreases with depth and is lower in autumn than in spring (P2, P3). The concentrations of calcium and magnesium in profiles P2 and P3 assume the lowest values in the Bv horizon, while the concentration of aluminium is the highest here, both in autumn and in spring. Since aluminium is the principal component of the soil solution among the cations described, its variations, both seasonal and depth-related, are of crucial importance. One can also observe lower calcium concentrations in spring than in autumn. The concentration of potassium usually declines with depth. In profile P3 the spring concentrations of potassium are higher than the autumn figures. The concentration of sodium seems to remain steady (at about 0.1 mmol c /L) irrespective of the season and depth. The spring rise in the concentration of aluminium and an accompanying decline in that of calcium in the Bv horizon create highly unfavourable conditions for plant growth by reducing the Ca/Al value (Figure 4) . The proportion of aluminium in the sum of cations amounted to 64 % in spring and 85 % in autumn.
In profile P3 the composition of soluble salts is similar to that in P2, but in the C-horizon one can note fairly high concentrations of calcium and magnesium, both in au- The proportion of aluminium in the autumn cation total declines from 67 % in the Bv horizon to 3 % in the C-horizon, and in spring from 64 % to 17 %. Thus, in P3 the Ca/Al parameter indicates that conditions for plant growth are good in the C-horizon (where it equals 2.06) and bad in horizons A and Bv, especially in spring (Figure 4 ). This sudden change in the C-horizon may be due to an increase in the clay fraction here (from 14 % to 19 %) and to an accompanying rise in pH.
In profile P4, loose sands were found below the A-horizon which release and keep very small amounts of soluble salts owing to their grain-size distribution and mineralogical composition. This results in the C-horizon of this profile having the lowest sum of base cations (0.159 mmol c /L) among the soil solutions under study. The dominant cation in the soil solutions is aluminium, which constitutes about 70 %. Notable is the higher concentration of aluminium in the surface horizon in spring rather than in autumn and the corresponding much lower pH in spring. The concentrations of almost all cations decline with depth to assume exceptionally low values in the lower horizon in spring, which is indicative of a nutrient deficit and an unfavourable Ca/Al ratio (Figure 4) .
The number of soil solution samples analysed, especially after the distinction of the various soil types and two seasons, seems insufficient to study statistically significant relations among the components. However, for the set of all samples (without distinguishing among soil types and seasons, n=78), an analysis of the relation between the concentrations of calcium and magnesium shows it to be strong (r=0.85, p<0.05), like that between the concentrations of magnesium and sodium (r=0.73, p<0.05). This may be indicative of a common origin of those ions. It is also clear that aluminium has a significant effect on the sum of cations (r=0.82, p<0.05), as has already been mentioned. The correlation of the concentrations, after the isolation of the sandy soils from the set of samples (P2, P3, P4, at n=54), additionally highlights the association between the soil pH and the concentrations of calcium, magnesium and potassium (r=-0.50, p<0.05) and those of calcium and aluminium (r=-0.46, p<0.05) in the soil solution. An analysis performed for sandy samples taken in autumn shows, apart from the continuing strong correlation of calcium and magnesium (r=0.97, p<0.05), a clearly opposite effect of aluminium and calcium ions (r=-0.70, p<0.05), and aluminium and magnesium ions (r=-0.64, p<0.05). For sandy samples taken in spring, there is an increase in the effect of the pH on the amount of released aluminium (r=-0.62, p<0.05). A study of the relations between the individual parameters, however, would require a greater number of samples.
It is interesting to list the concentrations of basic cations and aluminium by horizon (depth); this shows the aluminium ion to be dominant in the surface A-horizon at all the sites. At all of them Al concentrations in spring are higher than in autumn. The highest figure was recorded in spring in profiles P2 and P3 (about 1.7 mmol c /L). In this case, the higher Al concentration in spring cannot be connected with a change in pH because the soil pH in spring, with the exception of P4, is higher than in autumn. Both in autumn and in spring potassium concentrations were found to be fairly high in comparison with those of other basic cations (in P1, about 22 %). When comparing autumn and spring concentrations, one can observe lower concentrations of calcium and magnesium in spring. The described changes in the concentrations of cations are responsible for the fact that in the A-horizon the spring Ca/Al molar ratios are the lowest (<0.1) for P2 and P3. However, when considering the many organic links that aluminium forms in this horizon, the situation does not seem to pose difficulties for the root system because of the nontoxicity of this speciation form of aluminium [55, 68] .
In the next horizon (Eet for P1 and Bv for the remaining ones), there is a considerable decline in the concentrations of calcium and magnesium, although in autumn they are slightly higher than in spring. The concentrations of aluminium are still several times higher than those of basic ions. The Ca/Al ratios are indicative of a significant dominance of the Al concentration owing to a substantial drop in the concentrations of basic ions, and hence of conditions difficult for plant growth, both in autumn and in spring, in all the profiles under study.
The concentration patterns in the next horizon (C) are somewhat different in those profiles where there is a lithological change (P1 and P3) and in loamy sands (P2 and P4). The Ca/Al coefficient reflects those differences especially in spring, indicating difficult vegetation conditions in profiles P2 and P4.
In summing up the analysis of seasonal changes in cation concentrations, one can state that those of calcium and magnesium are usually higher in autumn while those of potassium are usually higher in spring. The concentrations of aluminium in P1, P2 and P3 show the figures to be much higher in the spring than in the autumn soils. It should be noted that the effect of temperature is highly significant in the processes of aluminium adsorption/desorption. A drop in temperature from 20
• C to 0
• C brings about a halving of adsorption and hence an increase in the Al concentration in the solution [55] . It also affects the kinetics of Al transition from the amorphous to the crystalline form. This may account for the higher Al concentrations in the soil solution in spring. Scholars studying Al toxicity agree that it is low when it forms complexes with fluoride and sulphate ions [71, 72] , while the toxicity of these complexes is none, or low. This shows it to be necessary to create mathematical models, or use existing ones, that would be able to employ soil properties and the concentrations of the individual components of the soil solution to determine the anticipated proportion of free Al +3 ions. Only this form will provide the basis for determining the toxicity of the soil solution.
Anions
In the soil solutions obtained, three principal anions were determined: sulphates, nitrates and chlorides, and additionally nitrites and fluorides. The results of the analysis of the composition of anions in the soil solutions obtained in autumn and in spring at the four sites under study are shown in Table 4 .
The concentrations of anions at the particular sites showed fairly wide differences, both among the sites and with depth.
In the soil solutions taken from profile P1 in autumn, the concentrations of anions (Cl − , NO In all P1 samples sulphates were the dominant ions except in the lowest horizon in autumn when an unusually high concentration of chlorides was recorded (0.445 mmol c /L). Generally, autumn concentrations were found to be higher than spring ones, which made the anions total in autumn to exceed the spring figure several times. An exception was the surface horizons where the concentrations in both seasons were very similar. In spring the concentrations of chlorides and sulphates were lower, and the concentrations of nitrites dropped below the determination level. In both seasons the concentrations of nitrates were very low, except in the A-horizon where they amounted to about 0.20 mmol c /L, and were similar in all the horizons.
As in P1, in the soil solutions from profile P2 much higher concentrations of anions could be observed in autumn than in spring. Chlorides, sulphates and nitrates showed similar figures. The concentration of nitrates in P2 greatly exceeded that found in P1 and the remaining profiles, both in autumn and in spring. The maximum concentration of nitrates was recorded in the surface horizon, and of chlorides, in the Bv horizon. In autumn, nitrites were found to occur at all depths while in spring they were only in the surface horizon. In the soil solutions from this profile no great changes in the concentration of anions with depth were observed.
Soil solutions from profile P3 displayed a dominance of sulphates over the remaining ions. Chloride figures were markedly higher in spring than in autumn, especially below the surface horizon. In the lower (C) horizon also, nitrates, sulphates and fluorides were found in greater concentrations in spring. Nitrites showed a similar pattern of occurrence as in the previous profiles in autumn, and in spring they only occurred in the surface horizon.
The dominant ions in the soil solutions from P4 were sulphates and chlorides. In the Bv horizon higher concentrations of chlorides and sulphates were recorded in autumn. In spring high figures were noted both at the surface and in the C-horizon. It is hard to find regularities in the change of concentration of the individual ions in this profile, probably owing to its highest content of the coarsest fraction, which was largely responsible for the enhanced water infiltration and ion migration.
When comparing the concentrations of fluorides in the soil solutions of the profiles under study, the highest figures were evidently recorded in spring in profiles P3 and P4, the ones lying closest to the source of fluorine emission (Luboń Chemical Works). Although F − is a secondary component of anions in soil water, it has a significant impact on the presence of dissolved forms of Al even at very low concentrations, especially in an acid environment [73] [74] [75] [76] .
In most of the upper horizons (A) the following sequence of anions was found to occur:
, while in the deeper parts the prevailing sequence was SO 2− 4 >Cl − >NO − 3 . In the samples under study, the most stable concentration was that of chlorides, which corroborates the generally accepted thesis that chloride should be regarded as chemically inert in the soil solution [77] . The substantial chloride content in the surface horizons of the soil solutions in spring can be associated with a massive deposition of chloride ions during winter when the snow cover and the frozen soil makes it impossible for them to migrate any deeper. The deposition of chlorides with precipitation determined at the University Ecological Station amounted to 410 mg/m 2 /year (for 2002-2005) [78] . However, due to its high mobility, the ion moves deeper.
When comparing the results with literature data, one should keep in mind that a direct comparison of the compositions of soil solutions obtained by various researchers may have a large margin of error not only due to mineralogical differences or ones connected with vegetation cover or the sampling time, but also due to differences in obtaining water extracts. Because of some level of dilution, the concentrations of all the components determined will be lower than in actual soil water. Still, the proportions of concentrations of individual ions and the pattern of change within a profile can be compared approximately.
Thus, in the soil solutions described by Por ebska [79] the chloride ion in the A-horizon assumes an average value of 0.270 mmol c /L, which is a figure similar to those presented above. In the deeper layers, however, the values described here do not change greatly, [79] . The litter layer was not a significant source contributing sulphates to the soil solution. Also the release of organically bound sulphur from the mineral soil seems unlikely, as resources of organic sulphur are rather low [80] . That is why the contribution of sulphate to forest floors is primarily of anthropogenic origin, in the form of deposition with precipitation. It is quite substantial in the study area and can reach 2120 mg/m 2 /year [78] . A large role in sulphate retention is played by reactions of surface adsorption, hence an important parameter is the specific surface of the soil. Soils of glacial origin have a small specific surface and therefore an alternative description for sulphate retention and release in forest soils under conditions of high sulphur deposition could be the formation and dissolution of the mineral jurbanite [80] . Due to their adsorption properties, sulphates are retained in the soil and migrate rather slowly. That is why differences in their depth-related figures or among the profiles are not great. Another crucial factor is that as the pH declines, the adsorption of sulphate ions tends to grow [81] , thus ameliorating the effect of the increased emission. Continued high inputs of H + and SO
2−
4 from atmospheric deposition coupled with a slow rate of basic cation supply from weathering have resulted in highly acidic soil water and the mobilisation of available soil Al. Studies of soils exposed to considerable deposition of acids show sulphate to be the principal anion accompanying dissolved inorganic Al [17, 20] .
The spatial variability in N concentrations in forest soil is known to be high. A positive relationship between deposition and nitrates in soil water has been found by Larsson et al. (1995) [82] . The mean deposition recorded for this area is about 200 mg NNO 3 /m 2 /year [78] , which is close to the level found in areas far away from emission sources [83, 84] . The nitrate concentration figures for the Bv horizons at the sites under study are similarly low to those given by Por ebska [79] . However, the concentrations of nitrates in the surface horizons of P1 and those in the entire profile P2, both in autumn and spring, are much higher (about 10 times) than those quoted by Por ebska [79] . Drainage conditions have a pronounced influence on NO − 3 concentrations. Those in the C-horizon are always very low, which indicates that all major processes in nitrogen mobilisation occur in the upper part of the soil profile [85] .
To describe the transformation of nitrogen in the soil, one should also know the concentration of NH + 4 , which reaches the soil both in precipitation-borne deposition and as a result of microbial processes. In the root zone, competition between ammonia and bases may arise and counteract the uptake of nutrients by plants with consequent stress phenomena [86] . According to de Vries et al. [70] , the NH In our ecosystem those ratios are below 5 in the surface A-horizon and mineral horizons but exceed 5 at a depth of 14-51 cm in soil water in P4, which suggests possible stress in the root zone there. The next horizon in this profile (51-100 cm) also displays figures close to 5 ( Figure 5 ). Figure 6 ) showing the direction of change of the nitrogen forms; this is important because in soil processes the NH + 4 ion is a source of protons. When examining the nature of nitrification at different soil depths and its response to changes in acidity, most studies show that in the upper soil horizons rich in organic components a drop in the pH results in a lowering of the nitrification rate or even no net nitrate production in samples with a pH below 4.3 [87] . But in the mineral soil samples small amounts of nitrates were produced even at pH 3.7. This was caused by different nitrifiers in the B-horizon which were active at a low pH.
Factors such as nitrogen mineralisation, ammonium availability and the pH value influence nitrification but there is no simple relationship there. These factors cannot be used to quantify nitrification potentials or distinguish sites that have a potential for nitrification. In the most acid layer (pH<4.3) the nitrified populations were probably small or inactive. The concentrations of anions described above, despite the methodological differences in soil solution obtained, bear a close resemblance to the figures cited by Por ebska [79] for sandy forest soils, where she notes a predominance of sulphate ions over chlorides and insignificant amounts of nitrates.
Relations between ion concentrations in soil solutions can supply additional information about the sources and origins of the individual components, and about the processes occurring in soils. An analysis of all the results: pH and the concentrations of cations and anions, confirms the previously mentioned close relations between calcium/magnesium and magnesium/sodium concentrations. The remaining correlation coefficients are low. Hence links were sought among the concentrations for the group of sandy soils (P2, P3, P4). And again there appeared the relations calcium/magnesium (r=0.87, p<0.05), magnesium/sodium (r=0.57, p<0.05) and aluminium/sulphate (r=-0.58, p<0.05), and additionally between protons and chlorides (r=0.67, p<0.05), which may suggest a similar source of those two ions, presumably emission from the nearby works. Next a separate analysis was made of the solutions obtained from the sandy soils in autumn and in spring, and slightly different relations were established. For the spring season there appeared the relations fluoride/sulphate (r=0.50, p<0.05) and fluoride/aluminium (r=-0.54, p<0.05), and between protons and chlorides (r=0.61) again. The aluminium/ sulphate relation in spring was stronger than for both seasons (r=-0.72, p<0.05). The soil solutions of sandy soils obtained in autumn did not show a strong fluoride/sulphate relation any more, but there was still that of proton and chloride (r=0.76, p<0.05) and there appeared a strong correlation between protons and nitrate (r=0.90, p<0.05). This strong connection can be associated with the heavy emission of NO x from the factory (Luboń) and the immission of those compounds in the form of HNO 3 .
Estimating the effect of precipitation on the composition of soil water
The systematic examination of the composition of precipitation [6, 7] both in open terrain and in throughfall makes it possible to compare the concentrations obtained in the soil solutions with the composition of the precipitation. To start with, a comparison was made between the average composition of precipitation in 2004, the mean composition of the soil solutions, and the composition of the soil solution in the surface horizon (Table 5) .
A comparison of the compositions of precipitation in open terrain and in throughfall shows the rainwater to become considerably richer after passing through tree canopies. It changes its composition in the process by dissolving substances kept in them in the form of solids (dry deposition), and takes part in physiological processes, e.g. by giving up some substances and leaching others from the tissues. The average annual enhancement ratio (TF/BP) of sodium is 2.4. Very similar results were reported by Hovmand and Hansen [67] for an oak wood. The TF/BP ratios are influenced by many factors: canopy leaching, particle size, etc. The higher TF/BP ratios of Ca 2+ , Mg 2+ and especially K + compared with Na + , Cl − , and SO 2− 4 are due to net leaching from the canopies. Filtering and accumulation of dry deposition by the large surface area of the foliage (especially in spruce forests) can be the reason for an elevated nitrogen concentration in throughfall.
A comparison of the average composition of soil solutions and the composition of throughfall reveals higher concentrations in the soil solution except nitrate and potassium ions, for which the rainwater concentrations are slightly higher. The major reason of that is intensive consumption by plant roots: they contain up to 90 % of the total root mass [85] .The widest differences in the concentrations were observed for the sodium ions whose concentration in soil water was much higher (3.2 times). A similar pattern held for chloride ions with figures 1.9 times higher in the soil. The ammonium ion was also found in higher concentrations in the soil than in throughfall. The reason should perhaps be sought in the processes of mineralisation of organic matter containing nitrogen compounds. What seems to support this hypothesis is a much higher concentration of ammonium ions (2.4 times) in the upper, humic, horizon of the soil than in precipitation. Also much higher is the concentration of magnesium ions, which suggests its similar origin. In the topsoil the concentration of calcium is lower than in the entire profile, which is indicative of those ions being dissolved and released in the lower horizons. Both in the surface horizon and in the entire profile the concentrations of fluoride ions are much higher than in precipitation. This may perhaps be connected with previous industrial pollution of the area or with reactions of aluminium and fluoride complex formation in the soil.
The results of the comparison of concentrations presented above encouraged another, a seasonal one. To do this, a few assumptions were made. The results of the composition of precipitation were divided into those that could have a short-term effect on the composition of soil water in autumn (from April to September 2004) and those that could affect soil solutions sampled in spring (from October 2004 to March 2005). Because the migration rates of the individual ions and ongoing reactions of sorption, desorption and so on are hard to assess, the comparison was performed in two variants: for the mean concentrations in the soils in the entire profiles and for their upper soil horizons.
The listing in Table 6 helped to show that some relations among the concentrations turned out to be more marked than when comparing the all-year results. Thus, for instance, in autumn one can observe a much greater dominance of sodium and chloride concentrations in the soil solution over those in precipitation (coefficients 4.3 for Na and 3.9 for Cl). There also appeared seasonal differences in this coefficient for fluoride ions (3.5 in spring vs. 2.0 in autumn), which might indicate the contamination of the soil with fluorine compounds in dry deposition. The above seasonal differences are connected with periodical pollution of precipitation in winter, because that was the season which affected the spring composition of the soil solutions. This season is characterised by elevated levels of chlorides and sulphates in precipitation caused by the burning of fuels. The season-related comparison of precipitation and the composition of the surface horizon were consistent with the patterns found in the entire profile while slightly changing the proportion for nitrate ions; in autumn their content was shown to be higher in the upper soil horizon than in precipitation.
As in total precipitation, after passing through the tree canopy the concentration of the ammonium form of nitrogen exceeds that of the nitrate form. In the soil solutions this tendency persists or even intensifies, which indicates the absence, or a very low efficiency, of nitrification processes. A confirmation of this conclusion can be the indirect assessment of the nitrification rate for forest soils proposed by van In a soil where there are no nitrification processes or the rate of nitrification is slow, an increased input of the ammonium ion can lead to its accumulation in the upper mineral horizon and the leaching of potassium, magnesium and calcium ions to the deeper layers. This brings about the increase in the ammonium /base cations ratio [76] mentioned earlier, and may disturb the mineral balance of the soil.
Because relatively high nitrogen loads were found in the input to the soil in which the ammonium form predominated [78] , one might expect an increase in its acidification and eutrophication [76, 88] .
Owing to a high degree of data generalisation, the comparison performed can only be of use in a very general assessment of the effect of precipitation on the composition of soil water, but it does suggest that precipitation greatly contributes to this composition.
Conclusions
Exchangeable aluminium, the form that is the easiest to release to the soil solution, occurs in concentrations a few to several times higher than the aluminium present in the water solution (extract).
The concentration of exchangeable aluminium displays a fairly good negative correlation with the soil pH, which indicates that a drop in the pH will result in a release of some amount of exchangeable aluminium to the soil solution.
Aluminium weakly bound to organic matter, which is also a potential source of aluminium in the soil solution, is found in the soils under study in amounts close to those of exchangeable aluminium. Its concentration declines with depth.
Aluminium strongly bound to organic matter and that from interlayer spaces of clay minerals, which is the next potential source of aluminium in the soil solution, can be found in the soils in concentrations greatly exceeding those of the weakly bound form.
The pH of the soils was higher in spring than in autumn with the exception of those from the profile nearest the seasonally operating factory.
In the surface horizon the dominating cation in the soil solution at all the sites is the aluminium ion. In this horizon at all the sites the spring concentrations of Al are higher than in autumn. However, owing to the probably organic form of aluminium here, its level does not seem to be dangerous.
In the deeper horizons of the sandy soils, the ratios of the concentrations of calcium and aluminium show the latter to predominate greatly owing to a considerable drop in the concentrations of basic ions, and hence they indicate difficult conditions for plant growth, both in autumn and in spring.
A seasonal variability was found in the composition of cations: the concentrations of calcium and magnesium are usually higher in autumn, while those of potassium are usually higher in spring. The spring concentrations of aluminium in the soils are usually much higher than those in autumn.
The concentrations of anions in the surface horizon in spring and in autumn are very similar. In the deeper horizons in turn, there is a seasonal variability: their concentrations are usually higher in autumn than in spring, which makes the autumn sum of anions exceed the spring figure several times.
In autumn nitrites were found to be present at all depths, while in spring they occurred only in the surface horizon.
A higher level of F − was found to occur in the soil solutions from the profile situated the closest to the emission source. In a soil where the nitrification rate is low, the increased influx of the ammonium ion observed in the study area can lead to its accumulation in the upper mineral horizon and then to further acidification and eutrophication.
When assessing the effect of precipitation on the composition of soil water, relatively low NO − 3 and K + concentrations were measured in it. The major reason could be their intensive consumption by plant roots.
A comparison of the composition of precipitation and soil water by season shows a much greater dominance of sodium and chloride concentrations in the soil solution in autumn connected with concentrations of sodium and chloride that were twice as high in throughfall in spring. In turn, the concentrations of potassium in autumn were found to be much higher in rainwater than in the soil solution.
The above patterns of concentrations of individual ions and their interdependences show the situation to be unfavourable to plant growth, and hence every step to reduce the emission of pollution as well as measures limiting the human impact and improving forest management are highly desirable to sustain the balance of the ecosystem.
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